The hamster intergeniculate leaflet (IGL), part of the circadian rhythm regulatory system, has very extensive interconnections with subcortical visual nuclei. The present investigation describes IGL connections with the hamster diencephalon and telencephalon and compares them with ventral lateral geniculate nucleus (VLG) connections and retinal projections. Connections of the geniculate nuclei were evaluated using anterograde transport of iontophoretically injected Phaseolus vulgaris leucoagglutinin and by retrograde transport of cholera toxin b fragment. The cholera fragment was also injected intraocularly to trace retinal efferents. The IGL has ipsilateral and contralateral projections to the anterior and posterior hypothalamic nuclei, the ventral preoptic, lateral and dorsal hypothalamic areas, but not to the core ventromedial nucleus and very sparsely to the paraventricular nucleus. There are also IGL projections to the medial and lateral zona incerta, anteroventral, anterodorsal, reuniens, parataenial, paraventricular, centrolateral, central medial, and laterodorsal thalamic nuclei. IGL projections to the telencephalon are found in the horizontal limb of the diagonal band, olfactory tubercle, nucleus of the lateral olfactory tract, posterior bed nucleus of the stria terminalis, ventral pallidum, and in nuclei of the medial amygdala. The only substantial VLG projections are to bed nucleus of the stria terminalis, IGL, medial zona incerta, central medial and laterodorsal thalamic nuclei. Several of the IGL targets, the bed nucleus of the stria terminalis and zona incerta in particular, send projections back to the IGL and VLG. In addition, cells are present in the caudal cingulate cortex that project to both nuclei. Retinal projections are found in many of the regions receiving IGL innervation, including nuclei of the medial basal telencephalon, the posteromedial bed nucleus of the stria terminalis, and nuclei of the hypothalamus. A retinal projection is also visible in the lateral olfactory tract from which it extends rostrally, then medially along the base of the rhinal fissure. Fibers also extend caudally, in a superficial location, to perirhinal cortex. The results further demonstrate the widespread connections of the IGL and support the idea that the IGL modulates olfactory, photic, and circadian rhythm regulation of regulatory physiology and behavior.
Introduction
The intergeniculate leaflet (IGL) of the lateral geniculate complex was first described as a thin, retinorecipient nucleus intercalated between the dorsal lateral nucleus and the ventral lateral nucleus (VLG) in the rat (Hickey & Spear, 1976) . The IGL has been shown to be a functional constituent of the circadian rhythm system [see (Morin, 1994) ]. It receives bilateral, direct retinal innervation (Morin et al., 1992) and its neurons respond to photic input (Zhang & Rusak, 1989) . The most prominent efferent projection of the IGL is the geniculohypothalamic tract (GHT) (Harrington et al., 1985; Card & Moore, 1989; Morin et al., 1992; Morin & Blanchard, 1995) projecting to the suprachiasmatic nucleus (SCN), site of the hypothalamic circadian clock mechanism (Klein et al., 1991) .
Many of the neurons giving rise to the GHT contain neuropeptide Y (NPY). Cells containing this neuromodulator provide a good index of IGL boundaries in rats and hamsters. The IGL is now well characterized with respect to neuropeptide content of constituent neurons or afferent terminals (Harrington et al., 1985; Morin et al., 1992; Moore & Speh, 1993; Moore & Card, 1994; Morin & Blanchard, 1995) , as well as the migration, development, and location of intrinsic neurons and astrocytes (Morin, 1994) . Together, the various criteria identify the IGL as being quite long (about 2 mm in the hamster) with a substantial volume.
Anatomical description of the IGL has focused on its participation as part of the circadian rhythm system. Indeed, a second large IGL-efferent projection is to the contralateral IGL (Morin & Blanchard, 1995) . Despite the indication that the IGL reciprocally connects with the superior colliculus (Taylor et al., 1986; Morin & Blanchard, 1998) , there has been little effort to discern the full extent of its ascending or descending projections. In the gerbil, anterograde tracer injections into the IGL0VLG region revealed a widespread projection pattern to hypothalamic nuclei and zona incerta (Mikkelsen, 1990) . This general pattern has recently been affirmed in the rat (Horvath, 1996; Moore et al., 1996; Horvath, 1998) , with the added observation that the terminal regions of IGL efferents innervate the hypothalamus in a pattern similar to that described for rat SCN efferents (Watts et al., 1987; Horvath, 1997) . The present study is part of a general effort to provide a thorough description of the hamster IGL connections. Initial consideration of this topic has demonstrated extensive, often reciprocal, connections between the IGL and tectal or pretectal nuclei (Morin & Blanchard, 1998) . In addition, such connections are frequently bilateral. The VLG connects with many of the same midbrain visual nuclei as the IGL, often reciprocally and bilaterally as well. However, the two nuclei can be distinguished by criteria of cell type [e.g., location of NPY-immunoreactive (IR) neurons], as well as of connectivity. One such criterion is that the VLG does not project to the contralateral IGL. Therefore, the present investigation was conducted to elucidate and compare projections from the IGL and VLG to the hamster forebrain. The Phaseolus vulgaris leucoagglutinin (PHAL) anterograde tracing method confirmed the presence of widespread forebrain projections from the IGL, but not from the VLG. Retrograde tracing methods using cholera toxin b fragment (CT-b) were used to affirm the PHAL data and the distinctions between the IGL and VLG efferent projection patterns. Also analyzed were retinal projections to rostral diencephalon and telencephalon which were compared to the patterns of IGL and VLG efferents.
Methods
Adult, outbred male golden hamsters (Charles River, Wilmington, MA) were maintained with free access to food and water under a 14-h light010-h dark photoperiod in individual, polypropylene cages. All surgery and perfusions occurred during the light phase of the photoperiod in animals deeply anesthetized with sodium pentobarbital (Anpro Pharmaceutical, Arcadia, CA; 100 mg0kg body weight).
Surgery
Animals received injections of CT-b (1%; product #104, List Biological Labs., Inc., Campbell, CA) or Phaseolus vulgaris leucoagglutinin (PHAL; 2.5%) administered iontophoretically (2 mA for CT-b and 5-7 mA for PHAL pulsed 7 s ON, 7 s OFF for about 4 min). In some cases, CT-b and PHAL were injected jointly by iontophoresis according to the method of Coolen and Wood (Coolen & Wood, 1998) . In these animals, the concentration of each tracer was reduced to 50% of the concentration when used alone and the stimulus parameters were 6 mA for 6-10 min. Retrograde transport of CT-b or anterograde transport of PHAL was permitted for 3-5 days. At the end of the transport period, each animal was deeply anesthetized with pentobarbital and perfused transcardially with physiological saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer with sodium m-periodate and lysine added (McLean & Nakane, 1974) . The five brains injected with PHAL into the IGL and two of the three that received the same treatment into the VLG for which the efferent anatomy is described were originally part of a previous study of connections with midbrain nuclei (Morin & Blanchard, 1998) . The third VLG-injected brain (Case 98-17) was obtained specifically for this investigation. Areas identified, using one of the tracers, as connected to the VLG or IGL were injected in additional animals with the other tracer in order to verify the existence of such connections.
Histological procedures
Each brain was removed, postfixed for 1 h, cryoprotected in a series of sucrose solutions to 30% sucrose in phosphate buffer, then frozen and serially sectioned (30 mm) in the coronal plane. Sections were collected in 0.01 M phosphate-buffered saline with 0.05% sodium azide. All immunohistochemical reactions were performed using free-floating sections. Immunoperoxidase reactions were done using the ABC technique (Hsu et al., 1981) (Vector kit) and diaminobenzidine as the chromogen. Antisera to CT-b (goat; List Biological Labs., Inc., Campbell, CA) and PHAL (goat; Vector, Burlingame, CA or rabbit; DAKO, Carpinteria, CA) were used.
Microscopy
Brain sections from PHAL-injected animals were evaluated with a Nikon Optiphot microscope using bright-and dark-field techniques. All material reacted for PHAL-IR was specifically examined for the presence of terminal boutons among fibers of passage. The results of such inspection were utilized to decide the locations in which the CT-b retrograde label should be injected. PHAL injections label a cluster of neurons around the injection site. The volume described by the cluster was considered the region of effective label uptake (Morin & Blanchard, 1998) . The center of each CT-b injection has a slightly more brilliant appearance when viewed using dark-field microscopy. It is surrounded by a region of reaction product that is distinctly denser than slightly more distal areas. As with our previous work on this topic, the volume within the boundary of this denser region is considered the zone of effective CT-b uptake. Technical issues concerning the difficulty of identifying the precise area within which the applied tracer is actually incorporated for transport by neurons have been discussed previously (Morin & Blanchard, 1998) . Locations of retrogradely labeled neurons were viewed in the coronal plane and drawn on paper using a camera lucida. Coronal drawings of PHAL-IR fibers were made using a combination of the camera lucida and an inverted video monitor and associated computer. Drawings were made directly onto the screen of the video monitor using a light pen (FTG Data Systems, Stanton, CA) and CorelDraw software. Digitized photomicrographic images of tissue sections were obtained using a Sony color video camera and a Snappy image capture device. Composite images were created from the originals using Adobe Photoshop.
Results
All animals receiving IGL injections of PHAL (Fig. 1) had patterns of labeled fibers and terminals in the forebrain that were generally similar to each other, and those receiving VLG injections had patterns of PHAL-IR that were alike. However, there were differences between individuals injected in a particular nucleus with respect to the apparent density of labeled projections. For example, the density illustrated for the SCN innervation in Case 94-43 ( Fig. 2E ) was much less than that seen in Case 94-33 (Fig. 3B) . Innervation differences between individuals may have been related to the specific injection site within the overall length of the nucleus or it may have been related to the fact that there were fewer IGL neurons filled with PHAL-IR as in Case 94-43. Table 1 summarizes the investigators' visual estimations of the density of projections to or from the IGL and VLG, and from the retina as determined from all the cases examined. Although the data are suggestive, there were insufficient cases to allow unequivocal conclusions regarding topographical organization of projections from IGL or VLG to the diencephalon.
Anterograde analysis of IGL-efferent projections
At the level of the anterior commissure ( Fig. 2A ), fibers and terminals are common in the horizontal limb of the diagonal band of Broca. They are scattered laterally in the olfactory tubercle, nucleus of the lateral olfactory tract, and medial nuclei of the amygdala .
A few fibers and terminals are also found in the ventral medial and intermediate septum and anterior divisions of the bed nucleus of the stria terminalis ( Fig. 2A ). Fibers and terminals are dense in the posteromedial division of the bed nucleus of the stria terminalis (Figs. 2C and 3A) . A cascade of fibers spreads ventrolaterally through the ventral pallidum into anterior and medial amygdaloid areas. Fibers extend ventrally from the posterior bed nucleus with moderate density into the lateral preoptic area and lateral hypothalamus (Fig. 3A ). Numerous fibers with terminals are found ventromedially in the subparaventricular zone of the anterior hypothalamus (Figs. 2C-F) and in the SCN (Figs. 2D and 2E) . Note that all other cases which sustained injections further caudally than Case 94-43 (illustrated in Fig. 2 ) had much denser innervation to the SCN similar to that shown for Case 94-33 (Fig. 3B ).
Labeled fibers with terminals are present throughout most of the hypothalamus, but are not found in the ventromedial nucleus and are sparse in the paraventricular nucleus. Terminals and fibers are also sparse throughout the ventral hypothalamus caudal to the SCN (Figs. 2G-2L and 3C). The dorsal hypothalamic area is modestly innervated (Figs. 2H and 3C) and a particularly dense terminal field is evident in the posterior hypothalamic nucleus (Figs. 2K and 2L) . Modest innervation is also present in the supramammillary region (Fig. 2M ).
Abundant fibers enter the dorsolateral thalamus through the posteromedial division of the bed nucleus of the stria terminalis. In rostral thalamus, there are moderate projections to the parataenial and anterior paraventricular nuclei . There is innervation of the posterior paraventricular thalamus as well . A particularly robust terminal plexus is present in the lateral nucleus reuniens and medial zona incerta (Figs. 2B-2G, 3B, and 3C). Innervation appears to arrive in the zona incerta through the external medullary lamina and across the ventral posterolateral thalamic nucleus (Figs. 2F-2M and 3C). As these fibers near the midline, some turn dorsally to the nucleus reuniens, but much of the reuniens innervation appears to be derived from fibers extending ventromedially between the ventral posteromedial and ventral posterolateral thalamic nuclei (Figs. 2F and 2G) . The rostral appearance of such fibers is visible in Fig. 3C . Fibers and terminals form a modestly dense, continuous, bilateral U-shaped plexus in the centrolateral and paracentral thalamic nuclei (Figs. 2E, 2F, and 3B). Fibers without terminals are commonly seen traversing the laterodorsal thalamic nucleus and rostral dorsolateral geniculate nucleus toward midline pretectal structures (Figs. 2F-2H).
Contralateral IGL projections and routes of decussation
As a rule, IGL projections to ipsilateral nuclei are mimicked by similar, but much less dense, projections to the contralateral side (Fig. 2) . If a terminal field is fairly sparse, as in the region of the olfactory tubercle or amygdala, the visible contralateral projections tend to be limited to a few fiber segments (Figs. 2D-2G). Midline structures such as the SCN, the thalamic central medial nucleus, and the nucleus reuniens receive innervation which is nearly bilaterally symmetrical (Fig. 2E) .
Decussating pathways are evident in the supraoptic decussations, the nucleus reuniens, dorsal hypothalamic area, and central medial thalamic nucleus. An additional decussation of IGL fibers exists in the posterior commissure and has been described elsewhere (Morin & Blanchard, 1998) . A clear fiber path extends from the ipsilateral dorsolateral bed nucleus of the stria terminalis, posterior division, to the same location contralaterally via the nucleus reuniens. It is probable that innervation of the contralateral dorsal and lateral hypothalamus arrives via this decussation (Fig. 2E) . However, fibers in the optic chiasm also appear to exit into adjacent hypothalamus on both sides of the midline. The SCN is densely innervated bilaterally. On the ipsilateral side, numerous adjacent fibers lying in a dorsolateral-ventromedial plane are found dorsolateral and caudal to the nucleus, suggesting that much of the SCN innervation might arrive by traversing the hypothalamus from a dorsolateral point of entry. Contralaterally, the picture is much the same in and around the SCN. Although some fibers clearly enter each SCN from the supraoptic decussation, there is no certainty regarding the percentage of SCN innervation contributed from this decussation.
The dorsal hypothalamic area and posterior hypothalamic nucleus are regions of immense complexity because of the density of innervation and the confusion of efferents or afferents. Fig. 2L shows, for example, a dense terminal plexus in the posterior nucleus seeming to originate from fibers extending medially in the external medullary lamina and medial lemniscus. However, Fig. 2M indicates that many fibers are found medially, oriented vertically in the periventricular fiber system. It is not clear whether these fibers are arriving in the posterior hypothalamus from a dorsal route or are projecting dorsally to pretectal areas from a ventral route.
Anterograde analysis of VLG-efferent projections
The densest innervation of a diencephalic area by the VLG is in the intramedullary area of the lateral posterior thalamic nucleus (Figs. 4E and 4F ). An extensive, moderately dense terminal field is also present in the medial and lateral zona incerta (Figs. 4C-4E). Rostrally, sparse innervation of the lateral hypothalamus and nucleus reuniens arrives via the posteromedial division of the bed nucleus of the stria terminalis (Figs. 4A and 4B). A few fibers are seen medially ventral to the stria medullaris with innervation evident in the central medial and centrolateral thalamic nuclei (Figs. 4A-4C ). There is also sparse innervation of the posterior hypothalamic region (Figs. 4D-4F). As with the projections of the IGL, it is not possible to determine whether they arrive from a lateral location via the zona incerta or from a dorsal route via the periventricular fiber system.
Retrograde analysis of IGL-and VLG-efferent projections
Every PHAL injection into the IGL resulted in a small number of neurons outside the IGL taking up the tracer. For this reason, the retrograde label, CT-b, was applied to sites (Fig. 5 ) that were apparent targets of IGL or VLG neurons as determined from the PHAL-IR material. Injection of CT-b into the medial zona incerta resulted in both labeling of neurons in dorsal and medial IGL and in the VLG (Table 1 ; Fig. 6A ). This was the only CT-b injection site that resulted in neurons being labeled ipsilaterally and contralaterally in both brain nuclei. Injection into the posterior bed nucleus of the stria terminalis (Fig. 6B ) and central medial thalamic nucleus also labeled moderate numbers of neurons in both the IGL and VLG, but were bilateral only in the IGL. In contrast, injections into the anterior amygdala, septum, or parataenial nuclei labeled neurons only in the IGL, primarily on the ipsilateral side but with a few labeled contralaterally. Injections into the thalamic nucleus reuniens and several hypothalamic locations (anterior, lateral, and posterior nuclei) labeled neurons in the IGL, but not the VLG (cf. anterograde tracing data above). An injection into a very medial subparaventricular hypothalamic region (Case 98-5) labeled a few cells bilaterally in the IGL. Injections into the anterior hypothalamic nucleus, the lateral hypothalamus (Fig. 6C) , and the posterior hypothalamus also labeled neurons bilaterally in the IGL. An injection of CT-b into the intramedullary area of the lateral posterior thalamic nucleus labeled numerous cells in the IGL and VLG.
IGL-afferent projections
After an injection of CT-b into the IGL, labeled neurons are evident in relatively few forebrain structures. In the telencephalon, a small but consistent collection of cells is found in the caudal cingulate cortex (Fig. 7A) . PHAL injection into this region labeled fibers and terminals in the IGL. An occasional cell is evident in the medial amygdala, medial septum, and region of the olfactory tubercle. A slender group of neurons of modest number is distributed in the posterointermediate division of the bed nucleus of the stria terminalis (Fig. 7B ). This set of cells extends caudomedially, becoming contiguous with the medial zona incerta where there is also a modest collection of labeled neurons (Fig. 7C) . Caudally, this group is reduced in number and cells are scattered in the medial zona incerta0posterior hypothalamic area. At this level, a second group consisting of a moderately large number of cells is evident in the lateral zona incerta. Ipsilaterally, this group merges with numerous labeled neurons in the subgeniculate nucleus further laterally (Fig. 7D) .
Small numbers of CT-b labeled cells are also present, as previously reported (Morin et al., 1992) , around the SCN, in the anterior hypothalamus, and in the retrochiasmatic region, with an occasional cell seen in the lateral tuberal hypothalamus. Occasional neurons are also found contralaterally in the same areas. Dorsally, a few cells are present in the ventral habenula. Many more labeled neurons are found dorsally and caudally in mesencephalic nuclei of the pretectum and (Morin & Blanchard, 1998). 
VLG-afferent projections
There are few forebrain sites with neurons projecting to the VLG. The largest collections of such cells are found bilaterally in the medial and lateral zona incerta and in the subgeniculate nucleus.
Neurons are also consistently seen in the posterointermediate bed nucleus of the stria terminalis and caudal cingulate cortex. Injection of PHAL into the latter area labeled fibers with terminals in the VLG. Scattered cells are also sparsely distributed in lateroanterior, retrochiasmatic, and tuberal hypothalamus. 
Forebrain retinal projections
A small, superficial pathway passes contralaterally through the piriform cortex to a location near the rhinal fissure. It persists in close proximity to the rhinal fissure for a substantial distance caudally into perirhinal cortex (Fig. 8A) . A pathway adjacent to the rhinal fissure (Figs. 8B and 8C) also extends rostrally, eventually extending along the base of the fissure medially between olfactory bulb and orbital cortex. The rostral and caudal projections, as typically observed, were substantially less robust than illustrated by this particular case.
Retinal fibers with terminals are visible in rostral hypothalamus. There are numerous bilateral projections to the rostroventral preoptic region (Fig. 9A) , particularly in the anteroventrolateral preoptic nucleus, extending laterally into the olfactory tubercle and piriform cortex. Numerous retinal fibers innervate the basal portions of several amygdaloid nuclei (Fig. 9B) . Fibers do not appear to reach these areas ipsilateral to the injected eye.
A small, bilateral fiber bundle departs from the dorsal optic tract adjacent to the dorsal lateral geniculate nucleus (DLG) and extends rostrally as a small profile, but dense, superficial terminal plexus (Fig. 10) . The final terminal location is ventrolateral to the stria medullaris in the bed nucleus of the stria terminalis, posteromedial division (Fig. 9A) . Caudal to the anteroventrolateral preoptic nucleus, innervation is evident bilaterally above the chiasm and is moderately dense in the contralateral ventral medial preoptic area and anteroventrolateral preoptic nucleus. Extremely dense innervation fills the SCN and extends lateral, dorsal, and caudal to the nucleus (Fig. 9B) . A fairly substantial bilateral, retinorecipient zone lateral to the SCN includes the adjacent anterior hypothalamus, and extends into the ventral perifornical region and lateral hypothalamus. At the caudal end of this region, a small but distinct set of retinal projections can be seen terminating in the basal lateral hypothalamus contiguous with the optic tract and the plexus continues caudally into tuberal hypothalamus. Also at the caudal end of this region, modest numbers of retinal fibers can be seen innervating the subgeniculate nucleus and dorsolateral zona incerta (not shown). The peri-SCN innervation extends caudally in a dwindling terminal plexus that fills the subparaventricular zone. The caudal subparaventricular retinorecipient plexus merges with a less dense terminal zone in the periventricular and dorsomedial hypothalamic nuclei (Fig. 9C) . At this level, a modest terminal plexus is present in the medial zona incerta. A very few visual fibers are found in the paraventricular hypothalamus and dorsally in the thalamic nucleus reuniens. None are visible in other midline thalamic nuclei or in the anterior or posterior paraventricular thalamic nuclei. Fibers also specifically avoid the core region of the ventromedial hypothalamic nucleus.
Discussion
The IGL is a major constituent of the subcortical visual system (Morin & Blanchard, 1998) . As part of that system, the IGL receives abundant direct retinal projections and has both efferent and afferent connections with virtually all pretectal nuclei and the superior colliculus. The present data demonstrate similar widespread connections between the IGL and certain diencephalic nuclei, particularly within the hypothalamus, and with nuclei in the ventral telencephalon. These are matched by direct retinal projections to the majority of the same regions. As is the case with mesencephalic nuclei of the subcortical visual shell (Morin & Blanchard, 1997) , forebrain nuclei with IGL connections seem to have both direct and indirect access to visual signals.
IGL projections to the forebrain
Autoradiographic investigation of rat ventral lateral geniculate projections revealed ample innervation of the hypothalamus (Swanson et al., 1974; Ribak & Peters, 1975 ), but did not distinguish IGL from VLG as the nucleus of origin. The present extensive IGL projections to hypothalamus in the hamster are similar to what has been described in gerbil (Mikkelsen, 1990) and rat (Moore et al., 1996; Horvath, 1998) , also derived from studies using PHAL as the anterograde tracer. In all three species, a major target is an area extending from the lateral optic chiasm medially through the lateroanterior hypothalamus to the midline, including the SCN, and dorsally to include the subparaventricular zone and adjacent perifornical anterior hypothalamus. As in the rat (Horvath, 1998) , the pattern of hypothalamic innervation by the IGL of the hamster is generally similar to that of SCN efferent projections (Table 1) .
Projections to the SCN from IGL neurons are dense, as expected (Card & Moore, 1989; Morin & Blanchard, 1995) . As suggested previously (Card & Moore, 1989) , the SCN may receive innervation from the IGL via two or more routes. There is a thin, dense laminar tract on the medial surface of the optic tract that could provide innervation entering ventrally from the supraoptic decussation. A second route to the SCN appears to be via projections extending ventromedially across the ventral thalamic nucleus and anterior hypothalamus.
Thalamic projections of the IGL have not been fully characterized, although a dense projection to the contralateral IGL is well documented in rat (Card & Moore, 1989) and hamster (Morin & Blanchard, 1995) . The IGL also projects bilaterally to the VLG, but does not innervate the major thalamic visual relay nuclei. However, anterograde tracing methods supported the presence of a projection from the IGL to the intramedullary area of the thalamic lateral posterior nucleus (Morin & Blanchard, 1998) . The present study provides retrograde data to affirm this the presence of such a pathway. The intramedullary area is an exception to the rule that thalamic structures projecting to cortex are not innervated by the IGL. As such, it probably should be considered as fully distinct from the lateral posterior nucleus, rather than a subdivision of it.
Several thalamic nuclei located rostromedially, the parataenial, anterior paraventricular, and paracentral, are innervated by IGL projections. These, plus the posterointermediate and posteromedial divisions of the bed nucleus of the stria terminalis, provide avenues for IGL fibers to reach midline thalamic nuclei (central medial, reuniens) where there is a substantial degree of decussation contributing to innervation of contralateral nuclei. IGL projections to the habenula, paraventricular thalamic nucleus (anterior and posterior), and the parataenial nucleus shown here for the hamster have not been previously reported. The thalamic subgeniculate nucleus and zona incerta are also innervated by the IGL with the medial zona incerta, in particular, receiving moderately dense projections in hamster, rat, and gerbil (present data and (Mikkelsen, 1990; Horvath, 1998) ).
IGL projections have been noted as far rostral as the medial septum and vertical limb of the diagonal band of Broca in the rat (Horvath, 1998) . Innervation of these two regions was sparse in the hamster. Fibers with terminals from the hamster IGL were found in the intermediate lateral septum, anterior divisions of the bed nucleus of the stria terminalis, and the horizontal limb of the diagonal band of Broca. This pattern is consistent with the additional observations that IGL innervation extends rostrolaterally into basal telencephalic regions, including anterior and medial amygdala.
Retinal projections to forebrain
We have previously described four distinct routes of rostral diencephalic retinal innervation in the hamster: (1) the largest, to SCN and the anterior hypothalamic area laterally and caudally; (2) to the ventral lateral hypothalamic area; (3) a rostral projection to ventral preoptic area; and (4) a site in the putative anterodorsal thalamic (Johnson et al., 1988a) or bed nucleus of the stria terminalis (Cooper et al., 1994) . The present data, obtained with the more sensitive CT-b immunohistochemical method, largely substantiate the previous report, but also add several new observations and reinterpretations.
With respect to the first two pathways, the major difference concerns the density of visual projections to non-SCN hypothalamus. The present data indicate substantially greater innervation than previously reported, particularly in the lateroanterior nucleus, subparaventricular zone, and ventral lateral hypothalamus. Retinal innervation of the paraventricular hypothalamus is very sparse [present data and (Johnson et al., 1988a) ; but see (Cooper et al., 1994) ]. The present data also show modestly dense medial hypothalamic innervation extending to the dorsomedial nucleus, a feature not previously reported. It should be emphasized that terminating visual projections are not present in the core of the ventromedial hypothalamic nucleus, but are found dorsally, medially, and ventrally in the "shell" region of the ventromedial hypothalamic nucleus.
The present data also demonstrate retinal innervation of the ventral preoptic area comparable to, although somewhat denser than, previous reports (Johnson et al., 1988a) . Visual projections through this region extend further laterally into telencephalon. Ventral telencephalic retinal projections have been identified across 13 mammalian orders in 50 species (Cooper et al., 1989 (Cooper et al., , 1994 . The present data reveal sparse innervation in anterior and medial amygdaloid nuclei, with most fibers and terminals located superficially, passing ventral to the nucleus of the lateral olfactory tract into layer 1 of the piriform cortex. This is consistent with the original description in the hamster (Pickard & Silverman, 1981) , as well as a more recent report (Cooper et al., 1994) , although some investigators have not seen this projection in either rat or hamster (Johnson et al., 1988a ).
An unexpected component of the retinal projection pattern is the presence of a small, but consistent, lateral pathway to the vicinity of the rhinal fissure. The innervation persists caudally, adjacent to the fissure, to the perirhinal cortex. The data also show a similarly small rostral projection into the lateral olfactory tract. The projection extends rostrally in the lateral olfactory tract, eventually curving medially along the ventral surface of the rhinal fissure, beneath overlying frontal cortex.
The fourth retinal pathway has been previously identified as terminating in the anterodorsal thalamic nuclei (Johnson et al., 1988a) or "encapsulated" part of the bed nucleus of the stria terminalis (Cooper et al., 1994) . Analysis of horizontal sections shows that this retinal projection actually provides a terminal plexus extending a fairly long distance superficially along the lateral surface of the laterodorsal thalamic nucleus. We concur with the view of Cooper and colleagues that the site of final termination of this pathway is in the bed nucleus of the stria terminalis, posterolateral division.
The major thalamic nuclei receiving retinal projections are the VLG, IGL, dorsal lateral geniculate, and lateral posterior nuclei. The present data show sparse innervation of the nucleus reuniens as well. No other thalamic nuclei were consistently identified as receiving retinal projections [present data and (Johnson et al., 1988a) ], although such projections have been reported in other midline thalamic nuclei, including the anterior paraventricular, and in the anteroventral and anterodorsal nuclei (Cooper et al., 1994) .
Forebrain projections to the IGL or VLG
Forebrain afferents of the IGL and VLG have not been widely studied. The present data show that few structures contain neurons projecting to the IGL. The most robust collections of IGL-afferent neurons are found in the posteromedial division of the bed nucleus of the stria terminalis, zona incerta, and subgeniculate nucleus. Smaller numbers are found in the peri-SCN and retrochiasmatic regions [present data and (Morin et al., 1992) ]. In the rat, IGLafferent neurons are found directly in the SCN (Card & Moore, 1989; Vrang & Mikkelsen, 1996) . The zona incerta and retrochiasmatic projections to IGL have also been noted in the rat, along with innervation from the ventromedial hypothalamic nucleus (Vrang & Mikkelsen, 1996) . The latter is not evident in the hamster (present data). Many more labeled neurons projecting to the IGL or VLG are found dorsally and caudally in mesencephalic nuclei of the pretectum and tectum (Morin & Blanchard, 1998) .
The IGL and VLG receive innervation from the posterior cingulate cortex in both rat (Vrang & Mikkelsen, 1996) and hamster (present data). Although both IGL and VLG project to the intramedullary area of the lateral posterior thalamic nucleus [present data and (Morin & Blanchard, 1998) ], this area does not reciprocally project to either.
Connections of the VLG
Initial evaluations of VLG projections to the rat hypothalamus were made in the absence of knowledge about the IGL (Ribak & Peters, 1975) . The present study employed both anterograde and retrograde methods to determine the extent of VLG projections to rostral thalamus, hypothalamus, and telencephalon. The PHAL anterograde tracing method indicated that a limited number of nuclei might receive projections from the VLG. CT-b retrograde label confirmed the presence of innervation from the VLG in most of the nuclei containing at least modestly robust projections. If the PHAL-IR material indicated sparse innervation to a particular location (e.g. lateral hypothalamus), then a CT-b injection at that site failed to retrogradely label VLG neurons. The nuclei identified from the PHAL-IR material as receiving modestly robust projections include the bed nucleus of the stria terminalis, central medial thalamic nucleus, and the medial zona incerta. Retrograde analysis also shows a VLG projection to the intramedullary area of the thalamic lateral posterior nucleus in accordance with previous anterograde data (Morin & Blanchard, 1998) . All diencephalic nuclei receiving VLG projections are fairly dorsal and none is hypothalamic, a feature consistent with previous reports in rat (Horvath, 1998) and gerbil (Mikkelsen, 1990) . Thus, it is likely that the limited immunoreactive fibers and terminals seen in the basal hypothalamus after a VLG injection of PHAL are consequent to label leakage into adjacent IGL. The VLG and IGL do not differ greatly with respect to the specific nuclei of the subcortical visual shell to which they are connected. However, one clear trait of the IGL is the presence of bilaterally efferent projections (although it is not known whether individual neurons project bilaterally). This is evident both with respect to projections to nuclei of the subcortical visual shell (Morin & Blanchard, 1998) and with respect to more rostral projections (present data). We previously demonstrated that IGL, but not VLG, neurons project to SCN (Morin & Blanchard, 1995) . The present data generalize this observation by showing that lateral geniculate neurons projecting to hypothalamus are found only in the IGL.
Functional considerations
The visual system has typically been partitioned into two major divisions, one concerned with sophisticated image analysis and another concerned with oculomotor control. The circadian visual system has been described as a third division of the overall visual plan (Morin, 1994) . The two major nuclei of this system are the SCN and IGL. Briefly, the SCN receives a direct retinal projection that transmits photic information necessary for entrainment to the circadian clock in that nucleus (Johnson et al., 1988a,b; Ding et al., 1994) . The IGL also receives a direct retinal projection and can provide indirect photic information to the SCN (Zhang & Rusak, 1989) . The IGL is not necessary for rhythm generation or photic entrainment, but can modulate the effects of light on rhythmicity (Harrington & Rusak, 1986; Pickard et al., 1987; Johnson et al., 1989) . The IGL is necessary for circadian rhythm phase control by several nonphotic stimuli (Johnson et al., 1988c; Biello et al., 1991; Wickland & Turek, 1994; Janik & Mrosovsky, 1994) .
As a rule, the IGL does not connect with thalamic relay nuclei involved with complex visual image analysis (Morin & Blanchard, 1998) . The intramedullary area of the lateral posterior nucleus, situated ventrolaterally adjacent to the DLG, is a noteworthy exception to this rule. Its neurons project to secondary visual cortex area 18a (Takahashi, 1985; Morin & Blanchard, 1998) which may be involved in pattern discrimination (Dean, 1981) . The IGL has extensive interconnections with all subcortical visual nuclei participating in various forms of oculomotor control (see Morin & Blanchard, 1998 for a discussion). Thus, the circadian visual system is not fully separable from the two major divisions of the visual system. At the moment, it is not possible to state the function of the rather extensive relationship between cortical or subcortical visual nuclei and the IGL.
The IGL appears to have similarly extensive connections with forebrain nuclei not customarily thought to have visual function. There is no direct information from the hamster concerning function of second-order visual information conveyed to non-SCN, non-geniculate forebrain structures via the IGL. However, data from the rat indicate that retinal fibers terminate on IGL neurons projecting to non-SCN hypothalamus and that tonic photic stimulation may act through the IGL to regulate certain endocrine functions in rats (Horvath, 1998) . Putative neuroendocrine targets of IGL projections are dopamine neurons in the rat ventral medial hypothalamus. The present data show a direct retinal projection to the same region, suggesting redundancy between direct and indirect (i.e. from IGL) retinal projections. A similar phenomenon has been demonstrated in the mesencephalic nuclei of the subcortical visual shell to the extent that all receive both direct retinal projections and projections from the IGL (Morin & Blanchard, 1997 , 1998 . Horvath (1998) has emphasized another form of apparent visual projection redundancy in his description of similar hypothalamic innervation patterns independently arising from IGL and SCN neurons. Similarity of innervation is a theme also discussed by Cooper and colleagues (Cooper et al., 1994) who have indicated that olfaction-related projections to hypothalamus and direct retinal projections often innervate common areas. However, there is very little evidence to support any function of direct retinal input related to olfaction-mediated physiology or behavior. Neither is there much data supporting the possibility of physiological or behavioral regulation by either direct, non-SCN, retinohypothalamic innervation, or indirect innervation from the IGL. The non-SCN, direct, and indirect visual projections to hypothalamus could be involved in circadian rhythm "masking." Masking effects are seen when a stimulus induces increased or decreased amplitude of a rhythmic variable (e.g. number of daily wheel revolutions) rather than through a change in phase or period of the pacemaker system regulating the timing of that variable. In the rat, the acoustic startle response is amplified by a concomitant bright light (Walker & Davis, 1997) . This effect is blocked by lesions of the bed nucleus of the stria terminalis. It is possible that the visual projection described here as innervating the nearby border of stria medullaris and anterodorsal thalamic nucleus contributes to that response facilitation. However, our previous study of retinal forebrain projections did not identify such a pathway in rat (Johnson et al., 1988b) .
The mechanism generating circadian rhythmicity normally provides an oscillatory substrate modulating the likelihood of sleep (Borbely, 1975; Ibuka & Kawamura, 1975) . However, light can have direct effects on this and other behaviors in addition to indirect actions through circadian clock regulation. For example, lights OFF will acutely induce rapid-eye-movement (REM) sleep (Lisk & Sawyer, 1966) and is associated with reduced slow wave sleep (Borbely, 1975) . Lights ON will acutely inhibit waking, feeding, drinking, and locomotion (Borbely & Huston, 1974; Borbely et al., 1975) . The acute effects of lights off on REM sleep may be mediated through pretectal nuclei (Miller et al., 1997) . Whether the acute effects of light or dark on feeding, drinking, and locomotion are also mediated through pretectal nuclei or are simultaneously elicited through direct or indirect photic input to hypothalamus have not yet been studied.
In summary, the present data show widespread projections of the IGL to the forebrain, especially the hypothalamus. Both olfactory and retinal projections appear to project to many of the same regions. The pattern of ascending IGL projections is easily distinguishable from that contributed by VLG neurons. Through its extensive projections to both forebrain and midbrain, the IGL appears to have the capacity, largely untested at this time, to modulate numerous aspects of normal physiology and behavior.
